C ryptosporidium is a parasitic pathogen, with the potential to contaminate drinking water supplies and pose a risk to human health (Fayer et al., 2004; Atteia and Kozel, 1997; Auckenthaler et al., 2002; Hutchison et al., 2005) . The movement of Cryptosporidium through soils is still not fully understood, although a large body of research exists studying the survival of Cryptosporidium oocysts under various environmental stressors (Robertson et al., 1992; Chauret et al., 1995) and the factors affecting their presence in, transport to, and detection in drinking water supplies (Duke et al., 1996; Thurston-Enriquez et al., 2002; Boyer and Kuczynska, 2003) . Movement of Cryptosporidium from soil to source water can occur as a result of (i) storm-or irrigation-induced soil-surface runoff (Dai and Boll, 2003; Chacin-Bonilla et al., 2008) , (ii) groundwater contamination via the infiltration of surface waters through the soil profile (Mawdsley et al., 1996; Smith and Rose, 1998) , and (iii) direct soil to crop, animal, or human contact (Quy et al., 1999; Armon et al., 2002) . Therefore, soils containing Cryptosporidium are considered a probable source for human infection.
One barrier for evaluating the movement of Cryptosporidium through soil is the lack of a published standard soil extraction method. Drinking water, however, may be analyzed with USEPA Method 1623.1: Cryptosporidium and Giardia in Water by Filtration/IMS/FA (Telliard, 2005; USEPA, 2012) . Method 1623.1 contains explicit protocol instructions, as well as specific quality assurance and quality control practices, such as initial precision and recovery (IPR) and ongoing precision and recovery (OPR) using a specified Cryptosporidium spike of 100 to 500 oocysts (USEPA, 2012) . Analysts must recover an acceptable proportion of Cryptosporidium in the IPR and OPR samples to deem the associated environmental sample analyses as valid (USEPA, 2012) .
Absent a USEPA published method for Cryptosporidium soil extraction, a diverse base of literature exists describing various techniques to extract Cryptosporidium Soil Extraction by Filtration/IMS/FA Compatible with USEPA Method 1623.1
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Abstract: Cryptosporidium, a parasitic pathogen, when present in drinking water supplies poses a significant risk to human health. The soil environment provides a critical linkage between Cryptosporidium parent material (bovine manure) and the surface and groundwaters used by susceptible human populations for drinking water. The lack of a USEPA published analysis for the determination of Cryptosporidium in soil is a barrier to standardized investigation of Cryptosporidium transport in soils. Methodologies have been published in the absence of a USEPA analysis, yet they lack sufficient detail and quality controls to be generally applicable. This study developed and evaluated a Cryptosporidium soil extraction method capable of producing an extracted fluid containing Cryptosporidium that could be purified and enumerated using USEPA Method 1623.1. 
Core Ideas
• Cryptosporidium extraction from the soil matrix is absent in USEPA Method 1623.1.
• Our S 3 PEG soil extraction is compatible with USEPA Method 1623.1.
• S 3 PEG extraction meets quality control recoveries specified by USEPA Method 1623.1.
Cryptosporidium, predominantly C. parvum, from soils. Sodium chloride flotation (Kuczynska and Shelton, 1999; Boyer et al., 2009 ) and sucrose flotation (USEPA, 1995; Kato et al., 2002; Petersen et al., 2012) extractions have been developed with or without immunomagnetic separation to produce extracts for enumeration with epifluorescence microscopy. Filtration direct count methods enumerate a sample using epifluorescence microscopy directly from a filtration disk (Borchardt and Spencer, 2002; Searcy et al., 2005) . Zilberman et al. (2009) , via an analytical comparison of published soil extraction methodologies, reported that the sucrose flotation technique produced comparably higher consistent recoveries for oocyst spikes (<500 oocysts), covered under Method 1623.1 IPR and OPR standards.
Unfortunately, published soil extraction methods often lack detailed quality control measures related to spike recoveries available for Method 1623.1 (USEPA, 2012) . Without these quality control measures, variations in C. parvum recoveries lead to uncertainty of the reported recoveries and associated research conclusions. Therefore, the primary objective of this study was to develop a Cryptosporidium soil extraction compatible with Method 1623.1. The method, which we named S 3 PEG, draws on two published sucrose-based flotation methodologies of Kato et al. (2002) and Petersen et al. (2012) . Additionally, we adapted and hybridized the Kato et al. (2002) and Petersen et al. (2012) methods (referred to hereafter as the Kato and Petersen methods) to be compatible with Method 1623.1 as a means of comparison to S 3 PEG. The suitability of irradiated C. parvum to serve as a nonpathogenic surrogate for live organisms was also evaluated.
Methodology
Cryptosporidium parvum Oocysts and Soil
Live C. parvum oocyst stocks were purchased from the Sterling Parasitology Laboratory (University of Arizona, Tucson, AZ). The Wisconsin State Laboratory of Hygiene (Madison, WI) enumerated Sterling oocyst doses and spikes using flow cytometry. Irradiated C. parvum oocysts received a food-grade sterilization dose of 2.5 kGy of g-radiation using a cesium irradiator (JL Shepherd Mark I Unit, Department of Environmental, Health and Safety at University of Wisconsin-Madison, Madison, WI). The silt loam soil (14.5% clay, 73.8% silt, and 11.7% sand) (UW-SPAL, 2004) used in this study was collected postharvest from a production corn field, without a history of manure application (Calumet County, WI).
Cryptosporidium parvum Analysis
Detailed in Fig. 1, S   3 PEG is composed of a discontinuous Soil, Sucrose, Sodium hexametaphosphate (NaPO 3 ) 6 , Phosphate-buffered saline Extraction solution centrifugation Gradient, thus, S 3 PEG. Soil samples weighing 5.0 g (± 0.1 g dry weight) were inoculated with known quantities of C. parvum oocysts: (i) 150 ≤ x ≤ 200 ± maximum relative standard deviation (RSD) 2.1 or (ii) 1000 ± RSD 2.0 oocysts, suspended in 15 mL of 0.01% Tween 20/MilliQ water. The inoculated soil samples were processed using either S 3 PEG, adapted Kato, or adapted Petersen methodologies. Post-inoculation, oocyst vessels were rinsed and vortexed twice with 10 mL of phosphate-buffered saline amended with 0.01% Tween 20 (PBST), and the rinsate was included in processing. The supernatants (extraction fluid and 20 mL of sucrose) from the soil extractions were purified and enumerated using Method 1623.1 starting at
Step 13.0 (USEPA, 2012).
The determination of C. parvum oocysts followed Method 1623.1 Section 3.1 at 400× magnification and a positive count required (i) 4 to 6 mm size measured at 100× differential interference contrast, (ii) ovoid or round shape, (iii) positive immunofluorescence fluorescence assay using a fluorescein isothiocyanate stain, and (iv) fluorescent outer shell wall of appropriate thickness (USEPA, 2012). If C. parvum oocysts authenticity was questioned, the object was screened using 4¢,6-diamidino-2-phenylindole fluorescence at 400×, as well as fluorescence assay and differential interference contrast examination at 1000× magnification (USEPA, 2012).
Data Analysis
The labor and cost requirements of Method 1623.1 reduced the number of experimental replicates possible. Given the low number of replicates (n = 2-4), the dataset was analyzed for statistical sufficiency when possible. Observational conclusions, however, have been made when apparent strong trends are present but lack sufficient statistical strength as a result of low replication.
The dataset consisted of C. parvum recoveries pooled from spikes of 150 ≤ x ≤ 200 oocysts (denoted as ≤200), from Method 1623.1 and S 3 PEG IPRs, as well as C. parvum soil extraction recoveries from S 3 PEG, adapted Kato, and adapted Petersen methodologies. The effect of irradiation on C. parvum and resultant soil extraction recoveries, using spikes of 1000 oocysts, was evaluated using the S 3 PEG soil extraction. Statistical comparisons of C. parvum recoveries from the IPRs, extraction methodologies, and effect of irradiation were analyzed with a Welch's two sample t test (a = 0.05) in R statistical software in combination with confidence intervals. Welch's t test was chosen as it can statistically model datasets with low replication. Confidence intervals were also required as proof of a significant Welch's t test finding, given the inherent variability associated with low replication.
Results and Discussion
Analyst Initial Precision and Recovery
Establishing the analysts' IPR performance using reverse osmosis water is required by Method 1623.1 to confirm the competency of the analyst. Additionally, an IPR was performed on the S 3 PEG extraction using reverse osmosis water (0.0 g soil) to establish competency and determine if the extraction protocol significantly degraded recoveries. The analysts' Method 1623.1 IPR was 75.3% (± 5.3%) starting from step 13.0 with C. parvum spikes of 150 (± RSD 1.8) oocysts, and the analysts' S 3 PEG IPR (0.0 g soil) recovery was 67.7% (± 2.7%) with C. parvum spikes of 200 (± RSD 2.1; Fig. 2A ). Statistically, Method 1623.1 IPR and S 3 PEG IPR (0.0 g soil) recoveries were similar (p = 0.368); thus, the S 3 PEG extraction is understood not to affect C. parvum recovery and produces recoveries above the minimum IPR specifications (38%) (USEPA, 2012; Zopp et al., 2015 Zopp et al., , 2016 . Furthermore, completion of the IPR established the validity of analyst capabilities for subsequent C. parvum soil extractions.
S 3 PEG Extraction
The S 3 PEG extraction from soil produced markedly different recoveries than the adapted Petersen and Kato methods. S 3 PEG elicited the highest average extraction recovery of 44.1% (Fig. 2A) . Although this recovery was above the Method 1623.1 OPR standard (32%), there was a significant reduction (p = 0.012) in recovery from soil as compared to the recovery from reverse osmosis water, highlighting the interference effects of soil. Recognizing this interference with oocyst recovery, soil property differences should be taken into account while developing recovery acceptability criteria.
In comparison to the adapted methods, S 3 PEG demonstrated statistically greater recoveries from soil than did the Petersen method (p = 0.0002) and similar recoveries to the Kato method (p = 0.107). The skewed confidence interval (-8.9, 47.9) between the adapted Kato and S 3 PEG suggests that S 3 PEG would likely produce greater recoveries than Kato given more replicates. The Kato and Petersen adapted methodologies were unable to produce soil spike recoveries above the Method 1623.1 OPR standard of 32%, with resultant recoveries averaging 24.7 and 8.0%, respectively ( Fig. 2A) . Statistically, soil recoveries using the adapted Kato and Petersen methods were similar (p = 0.15). The confidence interval (-14.6, 47.9 ) is skewed in favor of the adapted Kato method, indicating it would probably produce higher recoveries than the Petersen method given a larger dataset. Based on these findings, we determined S 3 PEG to be the only soil extraction method compatible with Method 1623.1 and capable of meeting acceptability criteria.
Cryptosporidium parvum Nonpathogenic Surrogate
Given S 3 PEG's compatibility with Method 1623.1, we selected it to evaluate the efficacy of irradiated C. parvum as a suitable nonpathogenic surrogate for live oocysts using 1000 (± RSD 2.0) count oocyst spikes. The comparison of live (57.5%) and irradiated (50.9%) recoveries indicated strong similarity ( Fig. 2B ; p = 0.701), with both above the OPR standard (32%). Irradiation of the oocysts does not negatively affect oocyst recovery, and the use of irradiated C. parvum appears to be a suitable surrogate (Zopp et al., 2015; Zopp et al., 2016) . Little information is available comparing live and irradiated recoveries from a soil extraction. Therefore, future research is needed to fully evaluate the use of irradiated C. parvum oocysts as a surrogate, although it is reasonable to suggest that it is a safe and effective way to evaluate the environmental fate and transport of C. parvum oocysts.
Conclusions
Until a Cryptosporidium extraction and enumeration method from soil is published by the USEPA, researchers will continue to use individual, laboratory-specific methods. The unique extraction solution formula, extraction procedure, and emphasis on compatibility of the resultant supernatant to Method 1623.1 differentiate S 3 PEG from previously published sucrose flotation methods. Evaluation of S 3 PEG has shown it to be a feasible technique compatible with Method 1623.1 for the recovery and analysis of C. parvum in soil. Furthermore, the positive outcome of the S 3 PEG analysis indicates its potential for applicability to a broader range of soils.
The statistical similarity between live and irradiated C. parvum oocysts recoveries obtained in this study provides evidence of a viable and safer surrogate for live oocysts in soil. The use of irradiated C. parvum as well as soil interferences on oocyst recoveries should be considered during the development of a standard method.
